This study demonstrates that water vapor transport and precipitation are largely modulated by the intensity of the subtropical jet, transient eddies, and the location of wave breaking events during the different phases of ENSO. Clear differences are found in the potential vorticity (PV), meteorological fields, and trajectory pathways between the two different phases. Rossby wave breaking events have cyclonic and anticyclonic regimes, with associated differences in the frequency of occurrence and the dynamic response. During La Niña, there is a relatively weak subtropical jet allowing PV to intrude into lower latitudes over the western United States. This induces a large amount of moisture transport inland ahead of the PV intrusions, as well as northward transport to the west of a surface anticyclone. During El Niño, the subtropical jet is relatively strong and is associated with an enhanced cyclonic wave breaking. This is accompanied by a time-mean surface cyclone, which brings zonal moisture transport to the western United States. In both (El Niño and La Niña) phases, there is a high correlation (.0.3-0.7) between upper-level PV at 250 hPa and precipitation over the west coast of the United States with a time lag of 0-1 days. Vertically integrated water vapor fluxes during El Niño are up to 70 kg m 21 s 21 larger than those during La Niña along the west coast of the United States.
Introduction
The El Niño-Southern Oscillation (ENSO) is a quasiperiodic large-scale climate pattern in the tropical Pacific Ocean, characterized by large sea surface temperature variations in the tropical eastern Pacific on interannual time scales with a period ranging from 2 to 7 yr (e.g., Diaz and Markgraf 1992; Tziperman et al. 1994; Changnon 2000) . An interesting feature of ENSO is that although ENSO is the dominant interannual oscillation pattern in the tropics, its impact also extends to the time-mean subtropical and extratropical atmospheric circulation. Bjerknes (1969) showed that an anomalous heat source from tropical deep convection changes the Hadley circulation and thus strongly influences the strength and the location of the subtropical upper-level jet. This influence is realized in both hemispheres, but a stronger response appears in the winter hemisphere. In the extratropics, ENSO is associated with zonally asymmetric wavelike anomalies extending from subtropics to the mid to high latitudes of both hemispheres (Karoly 1989; Seager et al. 2003; L'Heureux and Thompson 2005) .
In addition, ENSO's influence over large regions often culminates in extreme weather. Renwick and Wallace (1996) demonstrated the impact of ENSO on atmospheric blocking events over the North Pacific, showing that the frequency of blocking episodes tends to decrease during El Niño. Bradley et al. (1987) showed that ENSO is highly related to continental precipitation. Precipitation along the west coast of the United States is impacted by ENSO during winter, with El Niño years favoring higher than normal precipitation over the southwest United States, and drier conditions over the Pacific Northwest (e.g., Mo and Higgins 1998; Schubert et al. 2008) , with the location of precipitation varying due to the alteration of the Pacific storm track.
Baroclinic Rossby waves, also known as planetary waves, are long horizontal wavelength (.2000 km) oscillations in the westerlies that predominantly occur in the upper troposphere and the lower stratosphere. In the Northern Hemisphere (NH) winter, Rossby waves can grow to large amplitudes and eventually break with irreversible mixing of potential vorticity. Some idealized studies showed that these waves are strongly related to baroclinic wave life cycles (Davies et al. 1991; Thorncroft et al. 1993; Shapiro et al. 1999) . Davies et al. (1991) distinguished three different classes: nonshear, anticyclonic, and cyclonic shear cases within a baroclinic flow surface synoptic development. Thorncroft et al. (1993) found that two distinct types of Rossby wave breaking occur at the end of baroclinic wave life cycles, and referred to them as life cycle 1 (LC1) and life cycle 2 (LC2). They also showed that LC1 ends with an anticyclonic wave breaking, and LC2 ends with a cyclonic wave breaking: anticyclonic wave breaking features a narrow tongue tilted in the southwestward and equatorward direction, and cyclonic wave breaking is characterized by a broad trough tilting in the northwestward and the poleward direction. Martius et al. (2007) classified a neutral (LC1) and an anticyclonic life cycle (LC3) that both exhibit a similar upper-level potential vorticity (PV) evolution, and therefore they combined these types as LC1 without any distinction between them. Shapiro et al. (2001) selected LC1 versus LC2 events in a manner similar to the above studies, but LC1 was identified as those with PV maxima oriented southwest to northeast that extended into the subtropics, while LC2 was identified as having zero to negative tilts in PV maxima. Anticyclonic Rossby wave breaking events often bring air with high PV into the subtropics (Webster and Holton 1982; Kiladis and Weickmann 1992; Hoskins and Ambrizzi 1993; Waugh et al. 1994) ; they are also referred to as PV intrusions (Waugh and Polvani 2000; Waugh 2005) .
Synoptic-scale weather and interannual variability are also closely related to Rossby wave breaking events (Hoskins et al. 1985; Moore et al. 2010; Michel and Rivi ere 2011) . Michel and Rivi ere (2011) showed that the transitions of weather regimes such as Greenland anticyclones, Atlantic ridges, zonal flows, and blocking events are closely linked to Rossby wave breaking events over the North Atlantic and Europe. In recent years, the relationship among upper-level PV intrusions into the subtropics, humidity, and convective clouds has been studied (Funatsu and Waugh 2008, Ryoo et al. 2008 ). Funatsu and Waugh (2008) showed that there is increased cloudiness, lower static stability, upward motion, and an increase of convective available potential energy (CAPE) at the leading edge of high PV intrusions. Ryoo et al. (2008) also showed that upper-level humidity during the Northern Hemisphere wintertime is controlled by PV intrusions over the eastern Pacific and Atlantic Ocean. Moore et al. (2010) found that LC2 waves associated with cyclonic Rossby wave breaking often accompanies cutoff surface cyclones at high latitudes, especially to the north of narrow jets. LC2 waves were reported to be closely linked to the formation of comma clouds (Carlson 1980) . Waugh and Polvani (2000) investigated the mean flow in the different phases of ENSO and PV intrusions and found that PV intrusions seldom occur in the warm phase of ENSO. It has been reported that during El Niño years, the subtropical jet is observed to be displaced equatorward from its normal position (Rosen et al. 1984) together with associated high-frequency eddy activity. Orlanski (2005) showed that the anticyclonic (cyclonic) wave breaking creates a ridge (trough) in the eastern Pacific, and that the type of breaking is in part controlled by SST anomalies created by ENSO because of their direct influence on the lowlevel baroclinicity. Kiladis (1998) also demonstrated that there is substantial interannual variability of wave activity, which suggests that the wave activity is sensitive to the changes in the large-scale basic-state circulation and reorganization of transient activity through basicstate variations.
Although the impact of Rossby wave breaking on weather regimes and upper-level humidity has been studied, the role of PV intrusions in determining the characteristics and the patterns of landfalling precipitation during the different phases of ENSO is not yet fully understood. Enhanced water vapor bands making landfall along the west coast of North America, termed atmospheric rivers (ARs; Ralph et al. 2004 Ralph et al. , 2006 Neiman et al. 2008) , are often observed along relatively narrow regions within the warm conveyor belt associated with a cold front. Note that the characteristic patterns in a developing baroclinic system are ascending motion of warm surface air near the warm conveyor belt, along with descending motion in the dry intrusion from the upper level (Polvani and Esler 2007) . The lower level is highly coupled with the upper-level disturbance in a developing baroclinic system, and the nature of this coupling has substantial interannual variability related to the frequency of each wave breaking type. Therefore, this suggests that understanding the patterns and frequency of wave breaking events during different phases of ENSO may help to understand the location and intensity of heavy precipitation events such as ARs. There have been several studies that looked at the relationship of ENSO phase to heavy precipitation. Andrews et al. (2003) showed that south of 358N along the California coast, floods are notably larger during an El Niño phase than a non-El Niño phase. While characterizing the ARs during 1998 El Niño winter and 2001 La Niña winter, Ralph et al. (2005) showed that the northward moisture transport toward California's coastal mountains is larger during El Niño winter and therefore may also contribute to greater orographic precipitation enhancement during the warm phase of ENSO.
The primary goal of this study is to understand the characteristics and controls of the precipitation over the west coast of the United States associated with upperlevel Rossby wave breaking in different ENSO phases during NH winters [December-February (DJF)]. For this purpose, we contrast the flow and moisture flux between four El Niño (1982/83, 1997/98, 2002/03, 2009/10) and four La Niña (1998/99, 2000/01, 2007/08, 2008/09) years. Hereinafter in the text and captions, these two groups will be referred to as the four El Niño and the four La Niña years. The data and trajectory model configuration used in this study are described in section 2. In section 3, the meteorological fields and trajectory patterns during the different period of ENSO are illustrated. Then we proceed to demonstrate the correlation between PV and precipitation, and the role of the transient eddies on the time-mean flow and the water vapor transports in terms of latent heating and moist static energy in sections 4 and 5, respectively. In section 6, the conclusions and future work are discussed.
Data and methods
We examine the flow, moisture transport, and precipitation for the four El Niño and the four La Niña years. These winters were chosen based on the Southern Oscillation index (SOI), with an index larger (smaller) than 10.5 (20.5) during DJF categorized as a La Niña (El Niño) winter. No difference is found when we utilize the oceanic Niño index (ONI) in identifying ENSO events. In most of the analysis below we present composite-mean fields averaged over the four El Niño or four La Niña winters.
In our analysis we use temperature, wind, geopotential height, potential vorticity, specific humidity, and relative humidity (RH) fields from the National Aeronautics and Space Administration (NASA) Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis data Bosilovich et al. 2008 Bosilovich et al. , 2011 . The precipitation data used are acquired from the National Centers for Environmental Prediction (NCEP) and the Climate Prediction Center 0.258 3 0.258 gridded daily rain gauge analysis (Higgins et al. 2000) . The water vapor, temperature, and geopotential height from MERRA are compared with those from the Atmospheric Infrared Sounder Satellite (AIRS; Aumann et al. 2003; Fetzer et al. 2003 ) data, and they are consistent with each other in terms of patterns and magnitude except for the missing data period of 10-25 January 2010 (not shown).
The trajectory calculations in this study are performed using the NASA Goddard quasi-isentropic trajectory model (Schoeberl and Sparling 1995; Wright et al. 2011 ). For a given velocity U(t), the parcel history (back trajectory) X(t) is calculated from DX(t)/Dt 5 U(t), where X(t) is a function of longitude, latitude, and potential temperature. Trajectory vertical motion is obtained by computing the change in the potential temperature as a function of time, Du/Dt. This Du/Dt is determined by Q (p s /p) k , where, Q is a total diabatic heating rate, P (P s ) is a pressure (surface pressure), and k is R/C p , where R is the gas constant and C p is a specific heat capacity at constant pressure (Yanai et al. 1973) . The trajectory calculations were performed using the fourth-order Runge-Kutta method with a 28-min time step. We utilize 6-hourly winds and temperature from MERRA to determine the parcel trajectories. The horizontal resolution of MERRA is 0.668 3 0.58 (1.258 3 1.258 for some fields including specific and relative humidity) with 42 vertical pressure levels ranging from 1000 hPa up to 0.01 hPa. They are diagnosed using both the model and assimilation and strongly reflect the observational data. For resolving vertical motion, MERRA heating rates are used. Three-hourly diabatic heating rates are used with reduced horizontal resolution (1.258 3 1.258). They are regridded in time to match the spatial and temporal resolution of wind and temperature obtained from MERRA. This includes shortwave and longwave radiation, latent heat release due to water vapor condensation, surface sensible heat flux, gravity wave dissipation, vertical diffusion of temperature in the PBL, and frictional dissipation. Since the trajectory vertical motion is determined by the diabatic heating, the process of convective heating is implicitly included while a parcel is being advected.
Tests using meteorological fields from NCEP (Kalnay et al. 1996) , MERRA, or ECMWF (Simmons et al. 2007) show no significant differences for trajectories in our region of interest (Ryoo et al. 2010) . Furthermore, there is good agreement between trajectories from our model and from the National Oceanic and Atmospheric Administration Air Resources Laboratory Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) model (see http://ready.arl.noaa.gov/HYSPLIT.php) for several extreme precipitation events (e.g., AR events).
Meteorological conditions a. Climatology of PV and meteorological fields
Figures 1a and 1b show composite mean PV and horizontal winds during the four El Niño and the four La Niña years. During La Niña, the jet is weaker than normal and shifted to the north with an anticyclonic pattern near the west coast of the United States at 850 hPa. At 250 hPa, the jet also becomes weak in the central Pacific with a signature of a strong PV intrusion around 1708E-1708W and 1508-1308W in the subtropics (;258N). In contrast, during El Niño at 850 hPa, the jet maximum extends to the east with a surface cyclone on the northern flank of the strong jet. At 250 hPa, the strong jet prevails over the Pacific with a strong PV gradient aloft. The mean geopotential height and zonal winds at 850 and 250 hPa and the departures from the zonal mean are shown in Fig. 2 . At both levels, the mean and anomaly fields show that geopotential height is higher in the eastern Pacific with a strong Aleutian low over the central-north Pacific with weak zonal winds during La Niña, whereas it is lower and more zonally extended over the eastern Pacific under the existence of a strong jet during El Niño. Figure 3 shows water vapor at lower (850 hPa) and upper (250 hPa) levels, and 2-m temperature for La Niña and El Niño. As shown in Fig. 1 , during La Niña a strong jet developed over the western Pacific (308-358N, 1208-1408E) and spread out into the northern and southern branches of the flows at the jet exit region (258-358N, 1808). Soon after passing over the jet exit region, the southern branch of the flow merges with the poleward flow from the tropics (108-208N, 1708-1508W and 1308-1108W) and brings high moisture to the North Pacific and the western United States (Fig. 3c ). These northward flows shown in Fig. 3c are regarded as being induced by strong upper-level PV intrusions, carrying high moisture from the tropics into the subtropics. Since the moisture is most abundant near the surface, the high moisture transport from the surface associated with upper-level PV intrusion is seen more clearly in the region around 1708-1408W where a flow of moisture is transported from the surface along the surface anticyclone ( Fig. 3a) . High moisture content at upper levels is also seen to the east (ahead) of the region where the PV intrusion occurs ( 
b. Rossby wave breaking events
Rossby wave breaking events are categorized into two types according to their orientation from their maximum. This is identified in a slightly different but similar manner to Waugh (2005) and Ryoo et al. (2008) : All days where PV $ 2.5 PVU 1 at 208-508N within 108 longitude from the central-eastern Pacific region (1408E-1108W) were identified. If the orientation from the PV maximum is northeast-southwestward, then it is called an anticyclonic Rossby wave breaking event, and if the orientation from the PV maximum is northwest-southeastward, then it is called a cyclonic Rossby wave breaking event. An occurrence on a given day is counted as a single event. Figure 4 shows the frequency of anticyclonic and cyclonic Rossby wave breaking events in the central-eastern Pacific (1408E-1108W). During La Niña the number of anticyclonic wave breaking events is higher compared to that of cyclonic wave breaking events (104 anticyclonic wave breaking events and 53 cyclonic wave events), while cyclonic wave breaking events occur more often during El Niño (41 anticyclonic wave breaking events and 108 cyclonic wave breaking events). This difference in relative frequency of anticyclonic and cyclonic wave breaking between La Niña and El Niño winters is consistent with the previous studies. Shapiro et al. (2001) suggested that anomalies in the time-mean environmental flow associated with 1997/99 ENSO lead to preferential baroclinic life cycles over the eastern North Pacific that closely resemble the LC1 and LC2 wave breaking for La Niña and El Niño winters, respectively. Also, Matthew and Kiladis (1999) reported that high-to-low latitude Rossby wave propagation is suppressed during El Niño, with less cross-equatorial propagation of wave activity during the 1997/98 El Niño, and Waugh and Polvani (2000) found that fewer PV intrusions into the subtropics (LC1-like anticyclonic wave breaking events) occur during the warm phase of ENSO.
To illustrate the difference in the flow during the different types of events, Fig. 5 . Typically, values of PV less than 1.5 PVU are associated with tropospheric air and those greater than 1.5 PVU are associated with stratospheric air. related to heavy landfalling precipitation (e.g., an atmospheric river) over the west coast of the United States within 65 days from the marked day. Filtered PV and horizontal wind anomalies at 250 hPa are obtained from a 3-8-day Lanczos bandpass filter (Duchon 1979) to isolate the high-frequency component (3-8-day synoptic waves). Unfiltered PV fields in both cases resemble the synoptic wave patterns such as an anticyclonic baroclinic wave (LC1) and a cyclonic baroclinic wave (LC2), respectively. The anticyclonic PV intruding to the subtropicsmidlatitudes is observed near the central-eastern Pacific and the western United States, which are similar to the LC1 wave signature. In contrast, a strong cyclonic PV pattern extending into the northern Pacific shows similarity to the LC2 wave pattern captured in the 3-8-day filtered data. This shows that the unfiltered PV fields themselves can well represent the motion of synopticscale waves.
c. Trajectory pathways
To find where air parcels (air masses) arriving at the west coast of the United States originate in the different phases of ENSO years, we performed trajectory simulations. Figure 5c shows the horizontal pathways and vertical variations of the backward trajectories on 310 K at the different ending points for the two illustrative wave breaking events. Trajectories look very different for these two events, and those differences are related to the location and type of the wave breaking events. These features are shown in the mean trajectories that end on the west coast of the United States. Figure 6 shows the mean trajectories simulated backward on the 300-K isentropic surface at the Sierra Nevada region (37.58N, 1208W) in La Niña (Fig. 6a) and El Niño (Fig.  6b) years. Here we show the trajectories in the Sierra Nevada region because the high elevation of the Sierra Nevada exerts a major orographic forcing to moisturerich inflows during winter storms, so that this mountain precipitation is of great practical importance to the western United States (Grubi si c et al. 2005; Kim 1997; Soong and Kim 1996) . In addition, snowpack accumulated in the high elevations provides a major water resource to California (Anderson et al. 2008) . Trajectory patterns we found near the Sierra Nevada regions, which are northward during La Niña and are more zonal during El Niño, are also observed over the northern regions of the west coast of the United States such as Oregon and Washington (not shown).
Trajectories on the wave breaking events and the mean trajectories show different characteristics during the two ENSO phases, and they are associated with different origins and pathways. Clear differences appear to be governed by the different properties of ENSO.
Most of the trajectories ending at the west coast of the United States during La Niña are from the northeastern Pacific. During El Niño, air masses are directly transported from the western Pacific to the reference region without penetrating into the northeastern Pacific. More variability is found during La Niña than El Niño. These different pathways of trajectories are related to the strength of the subtropical jet (see Fig. 1 ), as well as the different transport processes associated with upper-level Rossby wave breaking. From the analysis of the largescale flows, water vapor, and temperature patterns associated with the wave breaking events during ENSO, we will examine further how precipitation patterns will look like, and how different wave breaking events will contribute to cause the different types of precipitation patterns in the next section.
Correlation between upper-level PV and precipitation

Temporal variability
We have seen that different patterns of PV are associated with variations in the large-scale mean flow. The modulations of PV associated with upper-level wave breaking are closely related to the development of frontal systems, so their impacts on surface temperature and precipitation are of particular interest (Knippertz and Martin 2007) . Figures 7a and 7b show the time series of PV and precipitation along the west coast of the United States (308-508N, 1308-1108W) for La Niña and El Niño, respectively. During La Niña, heavy precipitation occurs roughly at the same time as the occurrence of high PV. This is not true for the entire time series (e.g., 1 January 2011) but is valid for the most of dates. In contrast, during El Niño heavy precipitation occurs either simultaneously or within one day following high-PV events. These patterns are confined to not only large regions of the western United States, but also narrower regions near the Sierra Nevada (378-398N, 1218-1198W; not shown).
Another way to quantify the relationship between changes in upper-level PV and in precipitation is to calculate cross correlations over time. Figure 8 shows time series of upper level PV, precipitation, and relative humidity. Figure 8a shows that during La Niña (El Niño) the maximum correlation between PV at 250 hPa and precipitation occurs at lag 5 0 (lag 5 11) day with a value up to 0.7. These correlations get lower as the time lag increases in both phases. In Fig. 3c , we have seen that the highest water vapor occurs to the east of high-PV tongues (258-408N, 1708-1508W and 10-308N, 1308-1108W, respectively) especially at the upper level (250 hPa), and so does the RH (not shown). As shown in Fig. 8a , a negative correlation between PV and RH at 250 hPa is observed over the west coast of the United States because high PV originates within dry and cold stratospheric air PV to the west of these tongues.
The fact that in both composites the correlation is high around lags from 0 to 11 day suggests that western U.S. precipitation is associated with the location and the time of presence of an upper-level PV aloft. Taking this fact into account, we compute the correlation between RH at a given longitude and PV 208 west of this longitude. Figure 8b shows that there is no clear correlation between PV shifted 208 west from a given longitude (308-458N, 1508-1308W) and precipitation (308-458N, 1308-1108W).
However, the correlation between PV at 250 hPa (208-358N, 1508-1308W) and RH at 250 hPa (208-358N, 1308-1108W) is relatively high in regions where PV often intrudes and anticyclonic wave breaking occurs at lag 5 0 to 11 day, especially during La Niña. This is supported by the results of Waugh (2005) and Ryoo et al. (2008) , showing that low RH at 250 hPa occurs west (behind) and within the high PV while high water vapor and RH throughout the whole atmosphere occur east (ahead) of high PV tongues. This can be due to convection, which tends to be induced on the east side of PV intrusions, as quantified by Funatsu and Waugh (2008) . During La 
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Niña, the correlation is high in the northwestern United States, especially over Washington, Oregon, and Northern California, peaking its value at lag 5 0, while during El Niño, the high correlation resides mostly in the southwestern coastal regions and in California and Nevada (not shown). This also emphasizes that the presence of the different types of upper-level wave breaking events during different phases of ENSO is highly relevant for controlling the location and intensity of the precipitation over the western United States. Of further note, the correlation of precipitation with the lower-level PV (600-850 hPa) is very small (not shown). Outside these regions, for example, the regions over 308-458N, 1108-908W, where there are few PV intrusion events, the correlation both between upper-level PV and precipitation and the upper-level PV and RH is low, indicating that precipitation fluctuations are not closely linked with PV fluctuations in these regions. The low correlation in these regions could also be due to the larger impact of measurement noise on precipitation, but the similar results are obtained using Tropical Rainfall Measuring Mission data, confirming our findings (not shown).
Meridional water vapor transport a. Meridional eddy flux diagnostics
Figures 1 and 2 show that the background large-scale mean flow provides important conditions for generating the different types of Rossby wave breaking. This raises a question about the role of transient eddies in maintaining or destroying the mean flow associated with anticyclonic or cyclonic Rossby wave breaking. Stone et al. (1999) noted that the life cycle of extratropical waves consists of baroclinic growth with poleward momentum fluxes. The upper-level eddy horizontal momentum flux and the lower-level eddy heat flux are known to be important components of the localized Eliassen-Palm flux, which is an indicator of the eddy activity flux, and the impact of eddies on the zonal mean basic flow (Trenberth 1986; Shapiro et al. 2001 ). Therefore, we use the horizontal eddy momentum flux Niña, a maximum of u 0 y 0 is found at around 250-300 hPa between 158 and 258N. Two maxima of u 0 y 0 (double jet structure) are found for the individual La Niña winters (1998/99, 2000/01, 2007/08 and 2008/09) , especially during the January-February time mean (not shown), but these features are smoothed out in the composite mean (Fig. 9a) . This may be due to the variation of locations of FIG. 8. (a) Lag correlation between PV at 250 hPa and precipitation over the regions in Fig. 7 (308-458N, 1308-1108W winds during La Niña years. As shown in Fig. 1 , the subtropical jet (;258N) becomes weaker around 1608W and splits poleward and equatorward. The transient eddies play a role here by creating the double jet structures, which drive the eddy-driven jet poleward (;458N). The La Niña composite shows that the convergence of the eddy momentum fluxes [2$ Á (u 0 y 0 )] and meridional eddy heat fluxes [2$ Á (y 0 u 0 )] over these regions provides evidence for the role of transient eddies on the double jet structure and its interaction (Fig. 10a) . The subtropical jet is counteracted by deceleration due to the divergence of the eddy momentum fluxes, which acts to displace the subtropical jet poleward from its position (Held and Hou 1980; Lee and Kim 2003) . Over 358-458N, the convergence of the eddy momentum fluxes helps the eddy-driven jet to be maintained (Fig. 10a) . Meanwhile, only a single maximum in momentum fluxes (a single jet structure) at 250 hPa is found during El Niño (Fig. 9b) . This feature is also well observed in El Niño composite with a strong convergence of eddy momentum fluxes near 308-408N, which is consistent with the fact that there is no shift in the jet poleward, but there is merging southward (Fig. 10b) . Wave breaking regimes are substantially tied to the movement of the equatorward (or poleward) u 0 y 0 , as is the location of the jet. It is shown that the transient eddies associated with baroclinic waves such as LC1 and LC2 decelerate (accelerate) the jet due to the divergence (convergence) of u 0 y 0 . Stronger westerly acceleration in the tropics means that u 0 y 0 will not be as effective in displacing the jet poleward (Chang 1995) ; hence, the jet position and westerly acceleration are more equatorward when compared to that in the weak westerly condition like during La Niña. In addition, during La Niña, eddy heat flux convergence (heating) resides next to the region of one of the local maxima (;48N) of eddy momentum flux convergence, confined to the region of 408-508N. In contrast, during El Niño, the eddy heat flux convergence in the upper levels occurs at the east side of eddy momentum flux convergence and decreases with height. (Trenberth et al. 2011; Newman et al. 2012) . From north of 258N, however, water vapor transport by the mean advection in La Niña is smaller than that of El Niño, with a noticeable increase in the role of transient eddies in transporting water vapor, particularly around 358-458N (not shown). These results indicate that there is a significant contribution not only by the mean advection but also by the transient eddies to the water vapor transport in the different phases of ENSO.
To see where water vapor is transported and accumulated by the transient eddies at the western United States in more detail, we calculate the vertically integrated meridional water vapor flux (q 0 y 0 ) and latent heat flux convergence [2L$ Á (q 0 U 0 )] , where U 5 (u, y) over the Pacific basin during ENSO years (Fig. 11) . The most notable feature is that meridional water vapor transport (Figs. 11a,c) and latent heat flux convergence (Figs. 11b,d ) patterns differ, based on the location of the upper-level PV intrusions. During La Niña, moisture transport is mainly poleward by the transient eddies, especially from the edge of the PV intrusions [regions where anticyclonic wave breaking occurs (1508W, and 1308W at 258-508N; Figs. 11a,e) , or where there is latent heat flux divergence (158-358N,  1508-1708E and 158-408N, 1708-1508W; Fig. 11b)] . However, during El Niño, horizontal moisture transport is more dominant than its poleward transport ( Fig. 11c) with divergence near the central Pacific (158-308N, 1508-1808E ) and the west coast of the United States (1308-1208W) (Fig. 11d) .
Along the PV intrusions into the subtropics/midlatitudes (anticyclonic wave breaking) and into the northern Pacific in the high latitudes (cyclonic wave breaking), there is a reversal in the direction of the latent heat flux, resulting in more divergence (cooling) in the north and convergence (heating) in the south, indicating a contribution of the transient eddies to the northward heat transport (Figs. 11e,f) . Although poleward heat transport by transient eddies is stronger in La Niña, the sum of eastward and poleward heat transport by transient eddies in El Niño is comparable to or higher than in the Pacific Northwest and along the coast of the western United States, especially at the region where cyclonic wave breaking and surface cyclones occur (358-508N, 1508-1308W) (Figs. 3b and 11d ). This suggests a large contribution of horizontal moisture transport due to transient eddies near the coastal regions of the United States during El Niño (Fig. 11f) .
The behavior of transient latent heat flux divergence and/or convergence resembles the moisture transport patterns, which move moisture poleward and northward at the edge of PV intrusions. This is an indication that transient eddies play an important role in transporting moisture associated with latent heating from the tropics into the extratropics and the west coast of the United States, and that much of the transport from ocean to land occurs by transients, as shown by Newman et al. (2012) . Observations show that narrow and long bands of moisture plumes, often referred to as atmospheric rivers (Ralph et al. 2004; Newman et al. 2012) , carry much of the moisture from the tropics into the midlatitudes, causing heavy rainfall on the west coast of the United States. These are often developed in association with equatorward filaments of extratropical cyclones in a baroclinic wave system, and they are one primary form of the moisture transport by the transient eddies associated with large-scale dynamics and wave breaking regimes. Figure 12 shows the total precipitable water [defined as (1/g) Ð p 1 p0 q dp] and vertically integrated water vapor fluxes-defined as (1/g) Ð p 1 p0 qy dp, where q is a specific humidity, y is a meridional wind component, Á denotes mean values within each adjacent pressure layer (dp), g is a gravitational constant, p 0 5 1000 hPa, and p 1 5 150 hPa-in La Niña and El Niño years. The precipitable water and the total water vapor fluxes clearly describe the difference of moisture flux coming into the western United States during ENSO. (Fig. 12c) . This may be mainly due to the transport of moisture by the mean flow, combined with the contribution of the moisture transport by the transient eddies as shown in Fig. 11 . These results show that different patterns in the water vapor transport provide important information in determining the location and intensity of precipitation on the western United States associated with the different phases of ENSO.
c. Total water vapor fluxes and precipitable water
d. Moist static energy
In the previous sections, we have shown the patterns of winds, temperature, and meridional transport of water vapor and precipitable water during ENSO years. The winds, surface temperature, or meridional transport of water vapor itself can be used to describe the different atmospheric conditions during ENSO. However, these can only determine the air parcel's status or partially measure the amount of moisture content in the atmosphere; they cannot fully measure the total atmospheric energy content. The moist static energy (MSE) is potentially a more comprehensive variable for the analysis of atmospheric heat and moisture content as it represents the energy content (Neelin and Held 1987; Pielke et al. 2004 ). Here we focus on the MSE (h), defined as h 5 c p T 1 Lq 1 gz , where c p 5 1004 J kg 21 K 21 , T is temperature, L is the latent heat of vaporization (2.5 3 10 6 J kg 21 ), and z is a geopotential height (Peixoto and Oort 1992) . appear to be primarily associated with the dynamics of upper-level PV intrusions which bring high moisture ahead of it, resulting in advection of warm air (high MSE) there. In contrast, during El Niño, strong positive meridional MSE fluxes are observed over the relatively confined regions in the eastern Pacific and along the west coast of the United States associated with cyclonic wave breaking (Fig. 13b) . The zonal MSE flux between La Niña and El Niño also shows the different patterns: more zonal variation of MSE flux during El Niño and more poleward variation of MSE flux with respect to PV intrusion (anticyclonic Rossby wave breaking) during La Niña (Figs. 13c,d ). Both meridional and zonal MSE flux show a consistent pattern with vertically integrated water vapor and wind fields, and this indicates that MSE appears to be primarily regulated by water To better compare how much MSE anomalies (departure from the zonal mean) change between La Niña and El Niño depending on the presence of Rossby wave breaking events with altitude, we illustrate the latitudinal MSE anomalies with respect to the height averaged over 1608-1408W and 1308-1108W in Fig. 14 . In both La Niña and El Niño, MSE gradients are reversed around 308-408N, which can be primarily seen as a result of MSE advection. Over 1608-1408W, during La Niña, cold-air advection (low MSE anomalies) is not effective poleward but is effective upward, with high positive MSE anomalies extending to the subtropics (;258N), the upper troposphere, and the lower stratosphere (around 200 hPa) (Fig. 14a) . During El Niño, however, advection of the cold (low MSE anomalies) air pushes the high MSE anomalies poleward, leading to poleward movement of regions of ascending (or convective) motion, which is closely associated with high MSE anomalies (Maloney 2009) (Fig. 14c) . Over 1308-1108W, a transition in the magnitude of high MSE anomalies occurs in the high latitudes (358-508N). During La Niña, this appears to be associated with northward moisture transport into the North Pacific (Figs. 3a,c and 14b ), whereas during El Niño it seems to be associated with developing surface cyclones together with the cyclonic wave breaking (Figs. 3b,d and 14d ). There are no strong positive MSE anomalies over 108-308N, 1308-1108W, on the east side of PV intrusion near the western United States (Fig. 13e) . Although the maximum value of MSE anomaly is related to maximum water vapor transport, it cannot fully explain the characteristics of water vapor transport associated with wave breaking. This implies that MSE together with winds is useful to understand moisture transport associated with different wave breaking events. The transitions of meridional MSE fluxes and MSE anomalies between La Niña and El Niño show that maximum positive MSE anomalies tend to be located at regions of peak moisture content and ascending motions. This may suggest that they are closely controlled by the large-scale flows and location of PV intrusions associated with wave breaking regimes during the different phase of ENSO.
Summary and discussion
We have examined the precipitation characteristics over the western U.S. regions during ENSO years [four La Niña (1998 /99, 2000 /01, 2007 /08, 2008 /09) and four El Niño (1982 /83, 1997 /98, 2002 /03, 2009 ) years] and related them to changes in Rossby wave breaking and moisture transport. The climatological patterns of the upper-level PV, wind, temperature, and geopotential height show significant differences between La Niña and El Niño. These lead to differences in the Rossby wave characteristics. During La Niña conditions the midPacific subtropical jet is less zonal and weaker, leading to LC1-like anticyclonic wave breaking and strong PV intrusions into the subtropics. In contrast, the stronger jet during the El Niño conditions leads to LC2-like cyclonic wave breaking that prevents the upper-level PV from intruding into the subtropics. These two regimes are illustrated in Fig. 15 .
The differences in Rossby wave breaking characteristics between ENSO phases give rise to different trajectory pathways, water vapor transport, and precipitation patterns and locations over the western United States. During La Niña, trajectories originate in the eastern Pacific and move northeastward, and high water vapor is induced at the east edge of an anticyclonic wave breaking. In contrast, during El Niño trajectories originate in the subtropical western Pacific and propagate along a nearly zonal pathway, and eastward transport of moisture is enhanced along the surface cyclone accompanied by a cyclonic wave breaking.
In both phases, there are high correlations (up to 0.7) between upper-level PV and precipitation averaged over the Sierra Nevada and other regions along the west coast of the United States at lags from 0 to 11 day. At the same time lag (lag 5 0 day), high correlation between upper-level PV and precipitation occurs in northern parts of the western United States during La Niña. In contrast, its peaks occur in the southern part of the western United States during El Niño at about lag 5 11 day. This result demonstrates that the extreme precipitation events in the west coast regions of the United States during La Niña (El Niño) NH winters are related to the position and intensity of LC1-like anticyclonic Rossby wave breaking (LC2-like cyclonic Rossby wave breaking) events. The slight time lag of the maximum correlation between PV and precipitation in El Niño shows that the location and the intensity of the surface cyclones making landfalling precipitation may be sensitive to the change of the location of the LC2-like cyclonic Rossby wave breaking. Moore et al. (2010) observed that LC2 wave breaking mostly coexists with the surface cyclones, although a surface cyclone does not always accompany a wave breaking. However, the clear mechanism to explain the cause of the time lag between the location of the upper-level PV and the precipitation deserves further detailed investigation.
Transient eddies play a crucial role in modulating the jet and transporting the water vapor. The horizontal momentum flux convergence suggest that double jet structures exist during La Niña, while only a single jet exists during El Niño. Poleward moisture transport by the transient eddies by anticyclonic Rossby wave breaking during La Niña and zonal transport by the transient eddies by cyclonic Rossby wave breaking combined with surface cyclones during El Niño is more likely associated with the heavy precipitation over California and most of the west coast of the United States. The vertically integrated meridional moist static energy fluxes and MSE anomaly show that they are tied to moisture content, large-scale wind fields, and the vicinity of PV intrusion associated with the different regimes of the wave breaking during ENSO. High meridional MSE fluxes are found at the east side of anticyclonic wave breaking during La Niña and on the east side of cyclonic wave breaking during El Niño, implying that advection of warm air (high MSE) and cold air (low MSE) may be regulated by the location of wave breaking regions.
There are a number of subsequent studies that would be suitable to build upon our results. First, it is necessary to recognize the linkage of Rossby wave breaking to the various weather regimes, especially in order to increase prediction skill of precipitation and extreme weather (e.g., blocking events) over the western United States. To do this, it is of primary importance to determine whether well-documented events for the extreme weather and precipitation (e.g., atmospheric rivers) can be represented in climate models or weather forecast models (Dettinger 2011; M. Wehner et al. 2012, personal communication; Kim et al. 2013; DeFlorio et al. 2013 ). Second, a more quantitative analysis using observational or idealized modeling studies is needed to resolve how much of the initial heat forcing (or thermal perturbation) will trigger the change of the mean flow and impact on the baroclinic waves to form the subtropical and eddy-driven jet. Third, for a given climate scenario such as ENSO or climate change, tracing the trajectories using the wind and diabatic heating data simulated from climate models (or idealized GCMs) will help to predict how the precipitation pattern will vary corresponding to variations of the wind and heating. This will enable us to explore how precipitation intensities, frequencies, and locations will change during ENSO or a varying climate. From this analysis, we may be able to understand the variability or changes in the precipitation patterns and predict them over the Sierra Nevada and the nearby western United States.
